Trace non-recycling impurities (Sc and CaF 2 ) have been injected into Alcator C-Mod plasmas in order to determine impurity transport coefficient profiles in a number of operating regimes. Recycling Ar has also been injected to characterize steady state impurity density profiles. Subsequent impurity emission has been observed with spatially scanning x-ray and VUV spectrometer systems, in addition to very high spatial resolution x-ray and bolometer arrays viewing the plasma edge. The impurity density enhancement, in the direction opposite to the ion B×∇B drift, is consistent with modeling of neo-classical parallel impurity transport.
I. Introduction
Impurities can play an significant role in fusion plasma performance through radiation losses and dilution of fuel in the plasma core [1, 2] , so it is important to understand the impurity sources and subsequent transport into the plasma [3] .
The employment of injected non-intrinsic, non-recycling impurities allows for the isolation and study of impurity transport [4] . In L-mode plasmas, the impurity confinement is generally found to be short [5] [6] [7] [8] [9] , with the impurity diffusion anomalously large compared to neo-classical predictions, and intrinsic impurity radiation is not a dominant participant in the overall energy balance. However, in enhanced energy confinement H-mode plasmas, impurity confinement can be very long [10] [11] [12] [13] [14] [15] [16] and play an important role in the energy balance. Of particular concern is the core impurity accumulation observed in discharges with internal transport barriers (ITBs) [17] [18] [19] .
For Alcator C-Mod, the impurity transport coefficient profiles have been determined for L-mode, EDA H-mode, ELM-free H-mode and ITB plasmas. In Sec.
II the impurity injection experiments are described. In Secs. III, IV and V, the determination of the impurity transport coefficient profiles is presented for L-mode, H-mode and ITB plasmas, respectively. In Sec.VI, observations of parallel impurity transport are shown, with a summary and conclusions in Sec.VII.
II. Experiment and Spectrometer Description
Scandium and calcium fluoride (CaF 2 ) have been injected into L-and H-mode plasmas using the laser blow-off technique [4] , while argon was introduced through a piezo-electric valve. Subsequent x-ray emission was recorded by a spatially scanable x-ray spectrometer array [20] , each spectrometer of which has a resolving power of 5000, a 2 cm spatial resolution and a luminosity function of 7 × 10 −9 cm 2 -sr, with spectra typically collected every 20 ms, and with 120 mÅ coverage. The total count rate within the spectral range of the spectrometers (2.7Å < λ < 4Å) is available with 1 ms time resolution. In most of the analysis presented here, the resonance line, w, (1s2p 1 P 1 -1s 2 1 S 0 ) of helium-like ions has been used; for Sc 19+ , Ca 18+ and Ar 16+ , the transitions are at 2.8731Å [21] , 3.1773Å [22, 15] and 3.9492Å [22, 23] , respectively. For the VUV emission, an absolute-intensity-calibrated spatially scanning VUV spectrograph [24] has been employed to monitor the brightness of the view all of the plasma, out to the last closed flux surface. These spectrally resolved measurements are nicely complemented by high spatial resolution observations of the plasma edge (in the vicinity of the transport barrier) from x-ray and bolometer arrays, which are described in Chapter XVIII on diagnostics.
The impurity transport coefficients D(r) and V(r) have been determined from the time evolution of the radial brightness profiles of the helium-, lithium-and beryllium-like x-ray and VUV transitions of injected impurities, and from the profile evolutions of (unresolved in energy) x-ray and bolometer emissivities. The simulated time histories were determined by the following method: the individual charge state density profile time evolutions were determined from the MIST code [25] , which uses measured electron density and temperature profiles as inputs, and the impurity diffusion coefficient and convection velocity profiles were taken as free parameters, constant in time. The emissivity profiles for individual transitions were then calculated from the LINEST code [26] using the appropriate population rate coefficients [27] [28] [29] [30] [31] in conjunction with the calculated charge state density profiles, along with the measured electron density and temperature profiles. The chordal line brightness time histories for the individual transitions were then determined by integrating the emissivity profiles over the appropriate sight lines. The absolute 4 impurity densities may be determined by comparing the calculated signals with the observed line brightnesses. The spatial variations, time histories and relative intensities of these profiles place a very strong constraint on the selection of the transport coefficient profiles.
III. Impurity Transport in L-mode Plasmas
Shown in Fig.1 are parameter time histories for an L-mode plasma into which a trace amount of scandium was injected. For the case of L-mode plasmas, the impurity confinement times are short, nominally around 20 ms. An example of the time histories of central chord helium-(dots) and lithium-like (asterisks) scandium brightnesses [14] from another L-mode discharge is shown in Fig.2 . The radiation from the two charge states (the x-ray signal has been increased by a factor of 100 for easier direct comparison) peaks sequentially in time, and the scandium has totally left the plasma within 100 ms after the injection. For this particular discharge, at the time of injection (0.75 s), the plasma current was 1.2 MA, the toroidal magnetic field was 7.9 T, the central electron density was 2.0 × 10 20 /m 3 , the central elec- Alcator A and C [5, 7] . Inclusion of any inward convection velocity would cause the predicted Li-like scandium signal to increase much more quickly than is observed; effects on the predicted He-like signal in this case would be insignificant. Fig.4 are the time histories from three x-ray spectrometer views of a Sc injection into another L-mode plasma, integrated over the wavelength region between 2.86 and 2.94Å. In this case the scandium injection time was 0.550 s.
Shown in
The three traces were from spectrometers viewing at r/a = 0.10, 0.39 and 0.69,
respectively. The signals all decay with a 1/e time of about 19 ms, which implies a diffusion coefficient of about 0.5 m 2 /s, as determined above. Notice that the signal at r/a = 0.39 (middle) rises to a peak in about 5 ms, nearly a factor of 2 faster than the more central chord (top) [21] . The transition upper level population at these radii is dominated by collisional excitation of helium-like scandium, which exists over most of the plasma. During the influx phase of the injection, it takes longer for the scandium to reach the plasma center, so the signal at r/a = 0.10 peaks later than the signal at r/a = 0.39. In contrast, the outermost signal from r/a = 0.69 (bottom) actually peaks later than that of the central chord. This is because, in the outer plasma regions where the electron temperature is much less than the transition energy, the upper levels for the lines are mainly populated by radiative recombination of hydrogen-like Sc 20+ and during the influx phase of the injection, there is no hydrogen-like scandium at this radius. So it is only late in the injection after Sc 20+ is born at the center of the discharge and then diffuses out to this radius that the signal appears. At r/a = 0.9, the electron temperature was ∼600 eV; here at 2 ms after the injection, the ion density ratio of Sc 20+ /Sc 19+ was 10 −5 , whereas at 15 ms after the injection, the ratio was 0.005. Also shown (by the smooth curves) are the code results, which are in excellent agreement. This agreement is taken to validate the use of the L-mode diffusion coefficient profile of Fig.3 .
IV. Impurity Transport in H-mode Plasmas
Impurity confinement times are considerably longer in H-mode discharges [14, 15] . transport coefficients may be found in Ref. [34] . In the region of the edge pedestal and transport barrier, the diffusion coefficient profile (0.15 m 2 /s) is very similar to 7 the calculated neo-classical profile [14] , while in the interior of the plasma the diffusion is highly anomalous, much larger than neo-classical. The convection velocity The details of the transport coefficient profiles in the vicinity of the edge transport barrier may be revealed through use of the complement high spatial resolution edge diagnostics available on Alcator C-Mod. The measured x-ray emissivity profile at the peak of the injection in the neighborhood of the last closed flux surface (LCFS), with the pre-injection background subtracted off, is shown in Fig.12 , for the same discharge conditions as in Figs.5-7 and 9-11. This emission is mainly due 8 to F 8+ . The x-ray 'pedestal' is located well inside of the LCFS and the measured electron density pedestal (top frame), which clearly demonstrates the effect of the inward impurity pinch [15, 16] . Also shown in the figure is the simulated x-ray emissivity profile, again using the transport coefficient profiles of Fig.8 , which is in excellent agreement with the observed profile. The simulated emission is modeled with all of the fluorine radiation which can contribute within the band pass of the Be foil on front of the detector, the Rydberg series of F 8+ and F 7+ and the radiatve recombination continuum from fully stripped F 9+ . 50 % of the total radiation however is from F 8+ Ly α and Ly β . The match between the measured and simulated profile (location of the x-ray pedestal) puts very large constraints on the location of the inward convection velocity pinch, and on the relative magnitudes of D and V at that location [16] .
For the case of ELM-free H-modes, the impurity confinement times are even longer than in EDA H-mode plasmas, and the transport is so slow that the impurity signals don't reach a peak during the ELM-free period [14] , as demonstrated in profiles are qualitatively similar to those in the EDA case, but quantitatively, the convection velocity reaches more negative values, close to the neo-classical levels [14, 15] . Such impurity transport coefficients lead to very long impurity confinement (> 1 s) and this is why the VUV signal in Fig.13 was unable to reach a peak and begin to decay before the plasma went out of ELM-free H-mode.
There is is very strong dependence of the impurity confinement time on the energy confinement H-factor, as shown in Fig. 14. There is a cluster of points between 0.8 and 1.0 for L-mode plasmas, with impurity confinement times in the range from 15-30 ms, and another cluster for EDA H-mode plasmas with an H-factor between 1.2 and 1.5. For these latter plasmas, the impurity confinement times are in the range from 50-300 ms. For ELM-free discharges with very high H-factors, the impurity confinement times are much longer than the ELM-free period duration, of order seconds, and are estimates.
V. Impurity Transport in ITB Plasmas
Impurity transport coefficients have also been determined in ITB discharges constant, maintaining the edge pedestal intact, together with the strong ITB, and in the absence of an internal particle source. Without any additional on-axis heating, the electron density would continue to rise, and impurities would accumulate in the core, eventually destroying the ITB [34] . Between 1.25 and 1.5 s, with 600 kW of additional on-axis ICRF heating, the electron density profile was held constant, as shown by the solid curves.
Besides the arrest of the electron density peaking and the increase in the core ion temperature, there are other beneficial effects from the additional on-axis heating, as is demonstrated in Fig.16 . Between 1.35 and 1.5 s, the ambient level of central soft x-ray emission was held constant. Similarly, the additional on-axis heating stemmed the increase of the total radiated power, holding it at a tolerable level of about 50% of the total input power. Likewise, Z eff was maintained at a constant value of 1.8 during this time. In Fig.16 is also shown the ratio of the central electron density to the value at R = 0.83 m (r∼13.6 cm, r/a∼0.65), well outside of the ITB foot, reiterating the arrest of the density peaking. Impurity transport coefficients for this discharge have been characterized by examining the impurity x-ray brightness profiles from argon which was injected at 0.35 s. Shown in Fig.17 are brightness profiles of argon x-ray lines between 3.94 and 4.00Å, which originate from helium-like Ar 16+ and nearby lithium-like satellites [23] . During the Ohmic L-mode phase of this series of similar discharges (as in Fig.15 and 16 ), the brightness profile was relatively flat (asterisks) while during the steady ITB phase (between 1.25 and 1.5 s), the brightness profile was highly peaked (dots), with over a factor of 20 increase in the core. Similar observations have been made with the (spectrally unresolved) x-ray array [35] . The behavior of the impurity transport coefficients in ITB plasmas near the barrier foot may be addressed from a comparison of these observed argon x-ray brightness profiles with those predicted using MIST, in conjunction with the atomic physics package LINES [26] . Shown in Fig.17 by the chain curve is the calculated brightness profile using the previously determined L-mode transport coefficient profiles, which are reproduced in Fig.18 , also by the chain curves. In Ohmic L-mode the impurity diffusion coefficient is highly anomalous while there is no evidence for any inward convection velocity. During the steady ITB phase, a radical modification to the impurity transport coefficients is necessary in order to reproduce the highly peaked argon x-ray brightness profile.
Simply using the ITB electron density and temperature profiles, together with the argon density profiles calculated using the L-mode impurity transport coefficients, leads to the upperchain curve of Fig.17 , which has the same shape as the L-mode brightness profile and does not represent the observed profile. The solid curve of Fig.17 , which does an excellent job of matching the data, was generated using the transport coefficients shown as solid lines in Fig.18 . These are very close to the calculated neo-classical impurity transport coefficient profiles shown by the dashed curves. For these ITB plasmas both the thermal and impurity transport approaches neo-classical levels in the core. The impurity transport is characterized by greatly reduced diffusion and a strong inward convection velocity in the vicinity of the large ion (and electron) density gradient. It should be noted that using only steady state impurity brightness profiles does not uniquely determine the impurity transport coefficients; modeling of temporally evolving brightness profiles following impurity injection is necessary. Other combinations of diffusion and convection profiles can also match the observed argon x-ray brightness profiles during the ITB phase. However, no match could be found using a combination of the neo-classical convection velocity and the anomalous diffusion coefficient. Regardless of the actual impurity diffusion coefficient and convection velocity profiles, the deduced impurity density profiles (and x-ray brightness profiles) are highly peaked near the plasma core, more so than the electron density profile. This analysis could not be performed for ITB plasmas with only on-axis heating since the electron and impurity density profiles are not steady state. The observations are consistent with the impurity transport approaching neo-classical levels in ITB plasmas.
VI. Parallel Impurity Transport
The previous sections addressed the issue of perpendicular impurity transport, which has anomalously high diffusion in L-mode plasmas, and with transport coefficients whose values approach neo-classical levels in H-mode regimes that have reduced turbulence levels. In this section parallel impurity will be explored. Near the plasma edge, neo-classical parallel impurity transport manifests itself in an updown asymmetry of impurity densities. Shown in Fig.19 are x-ray spectra of Ar is in reasonable agreement [36] , both in magnitude and direction, with neo-classical predictions [38, 39] . For the plasmas of Figs.20 and 21 , the electron density and temperature profiles with up-down symmetric at r/a = 0.9. In both cases the X-point was down so up-down neutral density asymmetries should have been the same.
VII. Discussion and Conclusions
Perpendicular impurity transport coefficients have been determined using laser (dotted) from r/a ∼.9. In this case, the ion B×∇B drift was upward. 
